are performed to determine the dielectric function of epitaxial graphene on SiC polytypes, including 4H (C-face and Si-face) and 3C SiC (Si-face). The model dielectric function of graphene is composed of two harmonic oscillators and allows the determination of graphene quality, morphology, and strain. A characteristic van Hove singularity at 4.5 eV is present in the dielectric function of all samples, in agreement with observations on exfoliated as well as chemical vapor deposited graphene in the visible range. Model dielectric function analysis suggests that none of our graphene layers experience a significant degree of strain. Graphene grown on the Si-face of 4H SiC exhibits a dielectric function most similar to theoretical predictions for graphene. The carbon buffer layer common for graphene on Si-faces is found to increase polarizability of graphene in the investigated spectrum. As silicon reaches its scaling limits, 1 the search for a replacement semiconductor material has focused recent attention on graphene. Research has shown graphene to exhibit superior electronic properties. 2, 3 Refinement of deposition techniques for epitaxial graphene onto large scale substrates, such as by thermal sublimation of silicon carbide, may offer the realization of high performance electronic devices. In order to harness graphene for commercial use, further development of epitaxial growth processes must continue, and a better understanding of the electronic and structural relationships in epitaxial graphene must be reached. 4, 5 Currently, there is only a limited understanding of the influence of the substrate on the electrical properties of epitaxial graphene. Growth of epitaxial graphene on different polytypes of silicon carbide may provide insight into the various interactions between the substrate and graphene. Graphene growth on 4H and 6H SiC was reported on numerous occasions, [6] [7] [8] [9] [10] and it was obtained that both structural and electronic properties of graphene layers differ drastically. The dielectric function spectra contain unique fingerprints of the electronic properties of semiconductor materials and are suitable for characterization of electronic band structure parameters. 11 Likewise, these functions can be used for monitoring structure-related properties such as strain, as well as for quality control during production.
Presently, knowledge on the dielectric functions of epitaxial graphene grown on various substrates is not exhaustive. Theoretical calculations predict a van Hove singularity within the 2-dimensional Brilloiun zone along the 6-fold degenerate directions between symmetry points K and K'. 12 This singularity can be associated with the characteristic critical-point (CP) feature observed in dielectric function spectra of exfoliated graphene 13, 14 and graphene grown by chemical vapor deposition for photon energies around 4.5 eV. 15 In this work, we report dielectric function spectra for epitaxial graphene layers grown by thermal sublimation on 3C, 4H silicon-face, and 4H carbon-face silicon carbide from the visible light region to the ultra-violet (3.5-9.5 eV). The dielectric function spectra are obtained from spectroscopic ellipsometry measurements and subsequent model dielectric function (MDF) analysis. We employ traditional physical model lineshape analysis procedures and provide quantitative model parameters for the band-to-band transition characteristics of graphene in the ultra violet region. We observe that these parameters vary between the different polytypes and discuss possible origins.
The samples investigated here were formed by high temperature sublimation epitaxy 16 of silicon on the Si (0001) and C (000 1) terminated faces of a 4H SiC substrate (4H-Si and 4H-C). Similarly, epitaxial graphene was formed on a thick epitaxial 3C SiC layer, with the 3C SiC layer grown on the Si face of a 6H SiC substrate. 17 This 3C sample has a (111) orientation and is Si terminated (3C-Si). Samples were stored in normal ambient after growth and not treated further. Ellispometry measurements were carried out on the 4H-Si, 4H-C, and 3C-Si samples before and after epitaxial graphene growth. Bare 3C and 4H substrates were measured to determine the dielectric response of the silicon carbide polytypes without graphene. All measurements were performed upon reflection of the sample, on a J.A. Woollam VUV-302 VASE ellipsometer in a nitrogen-purged environment. Measurements were performed for photon energies from 3.5 to 9.5 eV, with spectral increments of 0.05 eV, at 50 , 60 , and 70 angle of incidence. Ellipsometry determines the ratio q of the complexvalued Fresnel reflection coefficients r p and r s for light polarized parallel p and perpendicular s to the plane of incidence, respectively, and is commonly presented by parameters W and D, where q ¼ r p =r s ¼ tanWe iD . 18 Figure 1 depicts experimental and best-match model calculated W and D spectra from all investigated graphene samples. The experimental data reveal large differences between the Si and C faces of the 4H SiC sample, whereas bare substrate measurements yielded matching W spectra for both Si and C faces. The differences exhibited in Fig. 1 between the Si and C faces are due only to the expitaxial graphene properties, including thickness. While this influence is seen most strikingly at the CP peak caused by the van Hove singularity, occurring here at photon energies around 4.5 eV, graphene influences the entire spectroscopic response from 3.5 to 9.5 eV. Note that the 3C spectra in Fig. 1 are limited due to lack of reflected light intensity above 9 eV.
A stratified layer optical model composed of a substrate, an interface layer between the substrate and the graphene, a graphene layer, and a roughness layer between the graphene and the air (see Fig. 2 ) is used here to analyze the ellipsometric data. All layers are treated isotropically in our model since ellipsometry has no sensitivity to the out-of-plane polarizability of ultra-thin layers.
19-21 Experimental W and D spectra, obtained from bare 4H and 3C SiC substrates, were analyzed employing a sum of broadened harmonic oscillator lineshapes. The obtained MDF spectra are equivalent to those reported previously for 4H (Refs. 22 and 23) and 3C (Ref. 24) SiC, but are omitted here for brevity. The bestmatch substrate MDF parameters were then used in the analysis of the epitaxial graphene samples but were not further varied. The graphene MDF is composed of Lorentzian and
where A L;G , E L;G , and c L;G denote the amplitude, the CP transition energies, and the broadening of the Lorentzian and Gaussian oscillators, respectively.
On 4H-Si and 3C-Si, the carbon buffer layer atoms are strongly bonded to the substrate and form a ð6 ffiffi ffi 3 p Â 6 ffiffi ffi 3 p ÞR30 surface reconstruction, [25] [26] [27] while on 4H-C, there is no unique surface reconstruction. 28 In our optical model, the interface layer accounts for this buffer layer, and also the roughness of the substrate surface, an effect of the slight off-axis cut of the SiC substrate, and non-uniform sublimation of silicon from the SiC substrate. A linear effective medium approximation (EMA) comprised of 50% substrate and 50% graphene was used to create a suitable MDF for the combined effect of the buffer layer and surface roughness in a single interface layer. This is shown graphically in Fig. 2 . The only varied parameter during the data analysis that was unique to the interface layer was its thickness (t I ). Likewise, a surface roughness layer modeled with another linear EMA comprised of 50% graphene and 50% ambient was implemented with a thickness t R . During data analysis, the thicknesses of the surface roughness layer (t R ), epitaxial graphene layer (t G ), and the interface layer (t I ), and the graphene MDF parameters are varied until best-match between experimental and model calculated W and D spectra is achieved. Bestmatch model parameters for each surface are presented in Table I . We note that the resulting graphene layer thickness for 4H-Si and 3C-Si are closer to the ideal graphene monolayer thickness than 4H-C, which forms multilayer graphene (Table I) . Figure 3 presents the imaginary part (e 2 ) of the bestmatch MDF obtained here for graphene on 3C and 4H SiC in comparison with theoretical results obtained by Yang et al. 29 for graphene and graphite. The e 2 spectra are dominated by the well known CP transition. [13] [14] [15] Comparing the CP peak energies 30 of graphene (4.53 eV) and graphite (4.37 eV) in Fig. 3 reveals that 4H-Si (4.51 eV) is closest to graphene. This conclusion is corroborated by the E G and c G parameters, which run parallel with the CP peak energies and show agreement between the 3C-Si and 4H-C samples, while the 4H-Si sample shows a higher E G and lower c G . Together these parameters show that while the carbon film on 3C-Si is thin (mono-or bi-layer), it has an electronic structure similar to graphite. This is attributed to the relatively high defect density on the as-grown 3C substrate, which leads to the formation of thick graphite-like islands during the sublimation (to be reported elsewhere). It is noteworthy that the 3C-Si sample exhibits the dielectric function of graphite and is far from that of amorphous carbon. 31 All of the samples studied here displayed only one CP peak energy between 3.5 and 9.5 eV, in contrast to predictions by Trevisanutto et al. 32 of an exitonic resonance between 8.3 and 9.6 eV. Similarly, Pellegrino, Angilella, and Pucci predict multiple CPs with shifting energies for graphene under strain, suggesting that none of the investigated samples have significant strain to alter the optical conductivity. 33 Examination of Figs. 3(a) and 3(c) shows a heightened polarizability throughout the spectrum for the 4H-Si and 3C-Si samples in contrast to Fig. 3(b) for the 4H-C sample. This increased polarizability can be attributed to either the ð6 ffiffi ffi 3 p Â 6 ffiffi ffi 3 p ÞR30 surface reconstructed carbon buffer layer of the 4H-Si and 3C-Si samples or a charge transfer from the SiC substrate predicted by Varchon et al. 34 In order for doping to affect the MDF above 3.5 eV evenly, both the mobility and free charge carrier concentration must be extraordinarily large, which suggests the cause is linked to the unique surface reconstruction of the buffer layer.
The graphene thickness parameter for the 4H-Si and 3C-Si samples is smaller than the 0.35 nm value given by Varchon et al. 34 for monolayer graphene. This may be due to the fact that the actual surface morphology influenced by substrate defects and uneven Si sublimation, for instance, is not accounted for in the plane parallel layer model employed for the data analysis here. Surface morphology illustrations are presented in Figs. 2(a) and 2(c) as described in Ref. 35 . Morphology considerations then also explain the large thickness of the interface layer (t I ) for 4H-C and 3C-Si, as the true graphene thickness is partially hidden in the ellipsometric interface thickness parameter t I . An illustration of this is shown in Figs. 2(b) and 2(c) .
In conclusion, spectroscopic ellipsometry measurements have been performed on epitaxial graphene grown on the 4H and 3C polytypes of SiC. The best-match MDFs for the graphene layer on each growth surface exhibited a CP peak which allowed comparison to theoretical predictions for the dielectric function of graphene and graphite, and determination of graphene quality, morphology, and strain. Epitaxial graphene grown on 4H-Si exhibited a MDF closest to that of theoretical graphene, while graphene grown on 3C-Si and 4H-C exhibited a MDF similar to graphite, despite a 3C-Si graphene thickness indicative of monolayer graphene. The carbon buffer layer present on the 3C-Si and 4H-Si samples produces an increased polarizability throughout the visible to ultraviolet spectrum. None of the samples investigated exhibited multiple MDF CPs of graphene under strain.
